Introduction. EEG-fMRI of interictal epileptiform discharges (IEDs) usually assumes a fixed hemodynamic response function (HRF). This study investigates HRF variability with respect to IED amplitude fluctuations using independent component analysis (ICA), with the goal of improving the specificity of EEG-fMRI analyses. Methods. We selected EEG-fMRI data from 10 focal epilepsy patients with a good quality EEG. IED amplitudes were calculated in an average reference montage. The fMRI data were decomposed by ICA and a deconvolution method identified IED-related components by detecting time courses with a significant HRF time-locked to the IEDs (F-test, p b 0.05). Individual HRF amplitudes were then calculated for each IED. Components with a significant HRF/IED amplitude correlation (Spearman test, p b 0.05) were compared to the presumed epileptogenic focus and to results of a general linear model (GLM) analysis. Results. In 7 patients, at least one IED-related component was concordant with the focus, but many IED-related components were at distant locations. When considering only components with a significant HRF/IED amplitude correlation, distant components could be discarded, significantly increasing the relative proportion of activated voxels in the focus (p = 0.02). In the 3 patients without concordant IED-related components, no HRF/IED amplitude correlations were detected inside the brain. Integrating IED-related amplitudes in the GLM significantly improved fMRI signal modeling in the epileptogenic focus in 4 patients (p b 0.05). Conclusion. Activations in the epileptogenic focus appear to show significant correlations between HRF and IED amplitudes, unlike distant responses. These correlations could be integrated in the analysis to increase the specificity of EEG-fMRI studies in epilepsy.
Introduction
Simultaneously acquired electroencephalogram (EEG) and functional magnetic resonance imaging (fMRI) constitutes a non-invasive modality that may be used to localize cerebral regions of activation in epileptic patients, which could then be used for presurgical evaluation purposes (Zijlmans et al., 2007) . The method consists of detecting significant blood oxygenation level dependent (BOLD) signal changes following interictal discharges seen on the EEG recorded inside the scanner. So far, several studies have successfully detected plausible regions of activations in many patients Federico et al., 2005; Salek-Haddadi et al., 2006; Aghakhani et al., 2006) . However, they also report a large proportion of cases without any significant response, or with responses distant from the presumed generator of epileptic activity. In general, these studies have used the general linear model (GLM) framework (Worsley and Friston, 1995; Worsley et al., 2002) . This assumes that the hemodynamic response function (HRF) to interictal discharges follows a fixed canonical shape, such as the response averaged from brief auditory stimuli (Glover, 1999) .
However, the HRF to sensory events may not be an appropriate representation of the HRF to pathological events such as epileptic spikes (Benar et al., 2002) . Moreover, it has been shown that the HRF may vary between subjects, brain regions, and across time (Aguirre et al., 1998; Handwerker et al., 2004; Menz et al., 2006) . More flexible HRF models may thus be more appropriate to detect responses with a different delay or shape than the canonical HRF (Bagshaw et al., 2004; Lu et al., 2006) .
While model-driven frameworks require the prior specification of the time courses of interest, data-driven methods offer an alternative means of investigating relevant fluctuations in the BOLD signal. Independent component analysis (ICA) has been applied to fMRI data to extract patterns of activation related to specific tasks (McKeown et al., 1998) . This exploratory method can extract consistent regions of activations and associated time courses based on a criterion of spatial independence, with minimal prior assumptions on the data. Careful examination of the potentially large number of extracted components may reveal regions of activation related to the epileptic discharges (Rodionov et al., 2007; LeVan and Gotman, 2009 ). ICA does not impose any constraints on the HRF; rather, an analysis of the component time courses may yield information about the BOLD response that had not been initially hypothesized. In the context of EEG-fMRI acquisitions of epilepsy patients, ICA could also be used to decompose the EEG data prior to the fMRI analysis (Mirsattari et al., 2006; Jann et al., 2008; Marques et al., 2009 ), but the current study will focus on the use of ICA directly on the fMRI data.
Advancements in artifact correction techniques now result in a high quality EEG in the course of simultaneous EEG-fMRI studies (Allen et al., 2000; Benar et al., 2003; Srivastava et al., 2005) . This not only allows the identification of interictal epileptiform discharges (IEDs), but also their characterization. Features of IEDs such as amplitude may modulate the BOLD response, yielding variability in the HRF that could contribute to a loss of sensitivity in model-driven analyses. The current study thus proposes to use ICA to investigate the variability of the HRF in relation to IED amplitudes measured on the EEG.
Methods

Data acquisition
Subjects were selected from a database of focal epilepsy patients who underwent continuous EEG-fMRI recordings in a 3T Siemens Trio scanner with a CP head coil between March 2007 and May 2008. After a standard T1-weighted anatomical scan (TR = 23 ms, TE = 7.4 ms, flip angle of 30°, 1 mm isotropic voxel size, 256 × 256 matrix, 176 sagittal slices), BOLD-EPI data were acquired using the following scanning parameters: TR = 1.75 s, TE = 30 ms, flip angle of 90°, 5 mm isotropic voxel size, 64x64 matrix, 25 transverse slices. The session lasted up to 90 min, with short pauses every 6 min to inquire about the patient's comfort and willingness to continue with the acquisition. We discarded any 6-min run in which the patient moved by more than 1 mm, as determined by subsequent motion correction. During the fMRI scanning, simultaneous EEG, low-pass filtered at 1 kHz and sampled at 5 kHz, was recorded using 25 MR-compatible Ag/AgCl electrodes and a BrainAmp amplifier (Brain Products, Gilching, Germany). The electrodes were positioned according to the 10-20 system (19 standard scalp locations), with additional electrodes at F9-T9-P9 and F10-T10-P10, and referenced to FCz. Two additional electrodes were placed on the back to record the electrocardiogram. The electrodes were adjusted until all impedances were below 5kΩ; this was monitored throughout the scanning session. After the acquisition, scanner gradient artifact was removed by an averaged subtraction method (Allen et al., 2000) implemented in BrainVision Analyzer software (Brain Products, Gilching, Germany). Ballistocardiographic artifact was eliminated by an ICA method Srivastava et al., 2005) .
A neurologist reviewed the EEGs of consecutive patients, without knowledge of the fMRI analysis results, until 10 patients were obtained who satisfied the following inclusion criteria: EEG of good quality without residual gradient or ballistocardiographic artifacts and at least 20 IEDs of similar morphology as those recorded in previous EEG investigations outside the scanner. It should also be noted that patients had been initially recruited for the EEG-fMRI acquisition on the basis of having frequent IEDs. The neurologist carefully marked, in an average reference montage, the start, peak, and end of each IED, on the channel in which they were the most prominent (see Fig. 1 ). In case the peak marker was not exactly at the IED peak, a computer program was used to automatically move the marker to the nearest local maximum within 25 ms. IED amplitude was then defined as the average of the start-to-peak and peak-to-end amplitude. In the case of spike-and-waves, only the spike was marked. If different IED types were present (for example, left and right temporal spikes occurring independently), only the most frequent IED type was considered in the following analysis. The description of the patients and their IEDs is shown in Table 1 . No major differences were noted in any patient between the morphology and frequency of the IEDs recorded inside and outside the scanner.
Data analysis
ICA decomposition
The fMRI data were motion-corrected and smoothed with a Gaussian kernel of full-width at half-maximum of 6 mm. The resulting preprocessed data then underwent an ICA decomposition using the MELODIC toolbox implemented in FSL . This involved correcting for slice timing differences using sinc interpolation, high-pass filtering to remove scanner drift, masking to remove voxels outside the brain (Smith, 2002) , and calculating the independent components by an iterative fixed-point method maximizing the non-Gaussianity of the sources, which has been shown to be equivalent to maximizing statistical independence (Hyvarinen and Oja, 2000) . The number of extracted sources was determined by performing 20 repetitions of the ICA decomposition with random initialization, as true sources are likely to appear consistently in multiple ICA decompositions (Himberg et al., 2004; LeVan and Gotman, 2009 ). The reproducible components were then identified using the RAICAR algorithm (Yang et al., 2008) , which matches components across ICA realizations based on their pairwise spatial cross-correlation coefficient. The goal was then to identify components related to the IEDs and quantify the amplitude of the BOLD response to each individual IED. Fig. 1 . Marking of IED amplitudes. On the artifact-corrected EEG, the start, peak, and end of IEDs are marked on the channel where they are most prominent. In this case, right temporal spikes are marked on channel F10.
Identification of components related to IEDs
While ICA is purely data-driven, some modeling assumptions are necessary to detect components representing BOLD changes related to IEDs. To minimize the constraints on the HRF, the BOLD responses were modeled as a convolution of the events with a windowed Fourier basis Jacobs et al., 2009) . The Fourier basis consisted of a linear combination of 5 sine and cosine functions multiplied by a Tukey window spanning an interval from 10 s before to 20 s after the marked events. The sine-cosine pairs had periods equal to submultiples of the 30-s window, and their number was limited to 5 so that only relatively low-frequency components of the HRF would be fitted, as higher-frequency sinusoids would be more likely to fit noise. The 30-s interval was chosen to accommodate the wide variety of HRF peak delays that have been observed in previous studies, including HRFs preceding the EEG discharges (Bagshaw et al., 2004; Hawco et al., 2007; Moeller et al., 2008; Jacobs et al., 2009) . The HRF was assumed to have the same shape for each IED, and the amplitude of each basis function was fitted using a least-squares criterion.
This approach resulted in a deconvolved HRF for each component time course. In components related to IEDs, it was hypothesized that this HRF would account for a large amount of signal variance. This was statistically tested using an F-test (p b 0.05, corrected for the number of components), with the motion parameters used as confounds. Noise was modeled as an autoregressive (AR) process estimated from the residuals using the Yule-Walker equations. The AR order was determined by performing the estimation using gradually increasing AR orders, until the residuals no longer contained significant autocorrelations (Ljung-Box test, p b 0.01). The AR parameters were used to compute an adjusted F-statistic with appropriate effective degrees of freedom (Kruggel et al., 2002) . Statistically significant F-values were then indicative of components significantly related to the IEDs.
Unlike the GLM analysis, in which the analyzed signals correspond to individual voxels, ICA components are associated with a spatial map encompassing the entire brain. It is thus necessary to threshold these maps to identify in each component the voxels that are implicated. This was accomplished using the methods implemented in the MELODIC toolbox , in which the spatial maps are modeled by a mixture of one Gaussian and two Gamma distributions, representing background noise, positive, and negative voxel intensities, respectively. A voxel was considered as activated if it had a 99.9% or greater probability of not belonging to background noise. The results were then displayed in a single summary map for each patient indicating, at each activated voxel, the variance accounted by all components that were significantly related to the IEDs. Moreover, two different color scales were used to distinguish positive (activation) from negative (deactivation) response. The sign of the response was determined from the direction of the average signal change of the deconvolved HRFs.
Determination of the response amplitude in individual IEDs
Up to now, the components related to IEDs were identified with the assumption that the HRF, although of arbitrary shape, was identical for each discharge. This assumption was then relaxed by fixing the HRF shape, but allowing a variable amplitude for each individual response (Fig. 2) . The amplitudes were determined by least-squares fitting of the following model:
where Y(t) is the component time course, h(t) is the deconvolved HRF shape calculated previously, the t i s are the times of occurrence of IEDs, the x j s represent confounds, the α i s and β j s are the coefficients to be fitted, and ɛ is zero-mean Gaussian noise. Confounds included temporal trends and motion parameters. The HRF amplitudes α i s were then plotted against the amplitudes of the corresponding IEDs on the EEG. The relationship between HRF and IED amplitudes was assessed using Spearman's correlation coefficient, with the significance level set at p b 0.05. New summary maps were then created for each patient using only the components that showed a significant correlation.
It should be noted that the fitted HRF amplitudes are unlikely to be accurate representations of individual response amplitudes for closely spaced IEDs, as the HRFs would then overlap in a non-linear fashion (Friston et al., 1998a) . Nevertheless, although a canonical HRF commonly used in fMRI studies (Glover, 1999) only resolves to baseline after approximately 25 s, overlapping HRFs have been found to superpose approximately linearly for intervals as short as 2 s (Friston et al., 1999) . The correlations between HRF and IED amplitudes were thus only calculated for IEDs separated from any other IED by at least 2 s. 
GLM processing
For comparison purposes, the fMRI data were also analyzed using the GLM implemented in the FMRISTAT software package (Worsley et al., 2002) . The BOLD response to IEDs was modeled using 4 HRFs peaking at 3, 5, 7, and 9 s (Bagshaw et al., 2004) . Polynomial baseline drifts and motion parameters were treated as confounds. The resulting statistical t-maps were thresholded at |t| N 3.1, with an additional spatial extent threshold of 5 voxels to obtain a corrected family-wise error p-value of 0.05 (Friston et al., 1994; Worsley et al., 2002) .
To assess whether integrating information about the IEDs could improve the GLM results, a second analysis was performed with a model accounting for HRF fluctuations related to IED amplitudes. This model actually used two regressors of interest. The first regressor used HRFs with fixed amplitudes, and was thus identical to the regressor of interest used in the previous analysis. The second regressor used HRFs whose amplitudes were proportional to the IED amplitudes, and then orthogonalized to the first regressor (Fig. 3) . This model structure ensured that the two analyses would be nested. In this way, statistically significant t-values associated with the second regressor of this second analysis would indicate voxels where the BOLD response showed a significant additional effect that could not be detected in the first analysis.
Results
ICA decomposition
The ICA decomposition identified a number of reproducible components ranging from 172 to 373 (see Table 2 ). After identifying IED-related components using the HRF deconvolution method, brain areas corresponding to these components were visually classified as concordant or discordant with the presumed epileptogenic focus of each patient. This classification was performed on the basis of the available electro-clinical data (shown in Table 1 ). Four patients (2, 3, 5, and 6) had focal MRI findings (either dysplasic lesions or mesial temporal abnormalities, see Table 1 ) consistent with the IED topography and clinical semiology. For these patients, components were considered concordant if their spatial topography included lesional or peri-lesional areas. For the remaining 6 patients, one (patient 7) had discordant findings (left hippocampal atrophy, but right-sided spikes), one (patient 4) had generalized cerebral atrophy, and the remaining four had negative MRI findings. For these 6 patients, the localization was only defined at the lobar scale based on the spatial distribution of the IEDs. Components were considered concordant if their spatial topography was completely or partially within the cerebral lobe containing the presumed generator of IEDs.
One patient (patient 8) did not have any IED-related components. In the remaining 9 patients, between 1 and 72 IED-related components were identified. In 7 of these 9 patients, there was at least one IED-related concordant component, while the other 2 patients (patients 9 and 10) only had discordant components (see Table 2 ). Fig. 4 . ICA results for patient 5. Spike-and-waves on channels Cz-Pz-C3-P3 presumably originate from a subtle dysplastic lesion visible on T2 FLAIR MRI. IED-related components involve the area around the lesion, but also widespread distant regions. However, almost all components distant from the lesion do not show a significant correlation between HRF and IED amplitudes.
HRF and IED amplitude correlation in patients with concordant components
Among the 7 patients with concordant components, the identified concordant regions accounted for an average of 33.8% of the total volume of IED-related components (Table 2) . This indicates that a large proportion of the detected responses were distant from the presumed epileptogenic focus. In particular, patients with a large number of IED-related components had corresponding widespread patterns of BOLD response. An example of such a patient is shown in Fig. 4 . In this example, the identified brain regions include the presumed left central epileptogenic focus, but lack specificity. However, when considering components for which HRF amplitudes were significantly correlated to IED amplitudes, most of the distant responses could be discarded. Further examples of components with significant HRF and IED amplitude correlation are shown in Fig. 5 . Other patients will be presented in the following sections.
In 6 of the 7 patients with concordant components, at least one of the IED-related components showed a significant correlation between HRF and IED amplitudes (see Table 2 ). When considering only components with such correlation, concordant components now accounted for an average of 64.8% of the volume of the response. This represented a significant increase from before (paired t-test, p = 0.02). Although there were still some significant responses outside the presumed epileptogenic focus, the proportion of discordant regions was much smaller than in the original analysis. In fact, there was only one patient (patient 6) for whom the proportion of concordant areas did not increase when considering only components with a significant correlation between HRF and IED amplitudes (see Fig. 6 ). In this patient, the epileptogenic focus was presumed to be located in a left parietal cortical dysplasia, but significant correlations were only found more anteriorly in central regions, bilaterally (positive correlation on the right, and negative on the left). In the remaining 5 patients, concordant components showed a significant positive correlation between HRF and IED amplitudes.
For the 2 patients (patients 4 and 6) that did not show significant correlations between HRF and IED amplitudes in concordant regions, the smallest p-value of the correlation was 0.2, which is far from the threshold of significance. The absence of significant correlations thus does not appear to be due to a thresholding issue. Fig. 5 . Examples of concordant IED-related components with a significant correlation between HRF and IED amplitudes. For patient 2, with a presumed right temporal epileptogenic focus, a right temporal component has a deconvolved HRF with a canonical shape with an early peak at around 2.5 s. The correlation coefficient between HRF and IED amplitudes was 0.52 (p = 0.002). For patient 7, also with a right temporal focus, a concordant right temporal component has a fitted HRF peaking at around 4 s. The correlation coefficient between HRF and IED amplitudes was 0.51 (p = 0.01).
HRF and IED amplitude correlation in patients without concordant components
As mentioned previously, 1 patient (patient 8) did not have any IED-related components, and 2 patients (patients 9 and 10) only had discordant components. Patient 9 had a normal MRI and left temporal spikes, but only had a single IED-related component in the caudate nuclei. That component did not show a significant HRF and IED amplitude correlation (see Table 2 ). Patient 10 had a normal MRI and right temporal spikes, but no IED-related components were identified in the right temporal lobe. Only one component showed a significant IED and HRF amplitude correlation. However, that component was likely artifactual, as it involved voxels outside the brain, in the sphenoidal sinuses, that had not been discarded by the automatic brain masking procedure. This region is known to be affected by susceptibility artifacts that may violate fMRI modeling assumptions, yielding spurious activations (Wu et al., 1997; Parrish et al., 2000) . Therefore, in all 3 patients who did not have concordant components, the method did not misleadingly identify clusters in discordant brain regions.
To determine whether the absence of concordant components was due to a statistical thresholding issue, it was also attempted to lower the significance threshold from p b 0.05 (corrected) to p b 0.001 (uncorrected). This resulted in the identification of additional components for all 3 patients. All components were in discordant areas for patients 8 and 9, while a concordant component in the right temporal lobe was found for patient 10 (p = 0.0005, uncorrected). However, that component did not show a significant correlation between HRF and IED amplitudes (rho = 0.25, p = 0.2).
Comparison with GLM
Analysis with the GLM framework resulted in concordant activations in 7 patients: 6 of 7 patients who had such activations with the ICA method, and 1 of 3 patients who did not have concordant ICA results (see Table 3 ). In 2 of the patients with concordant activations, adjacent concordant deactivations were present as well. Similar to the ICA analysis, the maps included clusters of significant BOLD response distant from the presumed epileptogenic focus in all 10 patients. In 4 patients, the maximum positive peak of the statistical map was part of a concordant activation cluster, and in one other patient, the maximum negative peak of the statistical map was part of a concordant deactivation cluster. In addition, a special case is patient 2, for whom the maximum positive peak was part of a discordant activation cluster in the ventricles. This activation was clearly artifactual; when ignoring this cluster, the highest remaining positive peak was now in a concordant right temporal activation cluster.
The analysis was then repeated with an additional regressor modeling HRF amplitude fluctuations as proportional to IED amplitudes. Statistical maps showing areas where this regressor modeled a Fig. 6 . ICA results for patient 6. Spikes on channels P3-Pz-O1 presumably originate from a left parietal focal cortical dysplasia. There is an ICA activation in the lesion (red arrow), along with more distant frontal and contralateral clusters. In this patient, the lesional component does not show a significant correlation between HRF and IED amplitudes. significant amount of additional signal variance revealed regions in the presumed epileptogenic focus in 4 patients (patients 1, 2, 3, and 10), including 1 (patient 10) in whom the concordant regions had not been identified in the original analysis (see Table 3 ). These maps also identified fewer discordant regions than originally. Examples are shown in Figs. 7 and 8. However, there were also 4 patients (patients 4, 5, 7, and 8) for whom the regressor modeling IED amplitude fluctuations was not significant in the epileptogenic focus, even though this area was detected by the original GLM analysis.
Discussion
Data-driven vs model-driven methods
The relationship between the BOLD response to IEDs and the amplitude of these IEDs on EEG was studied using ICA. The detection of BOLD responses using model-driven methods such as the GLM is only optimal if the modeling assumptions are correct. GLM analyses of event-related fMRI data commonly employ a canonical HRF shape, sometimes with multiple HRF delays (Bagshaw et al., 2004) or a temporal derivative regressor (Friston et al., 1998b) to account for temporal shifts. More flexible basis sets may also be employed to model arbitrary HRF shapes Lu et al., 2006) . However, these models do not account for inter-trial variability. Model-driven analyses also require an accurate characterization of the noise confounding the signal of interest. Some sources of structured noise such as patient movement (Friston et al., 1996) or physiological artifacts (Glover et al., 2000) can now be integrated into the analysis. It has also been demonstrated that the state of vigilance, as measured by EEG rhythms, significantly affects the BOLD signal (Tyvaert et al., 2008a) . However, it may become impractical to explicitly model all sources of BOLD signal variability.
In contrast, data-driven methods such as ICA do not require strong constraints on the BOLD signal. The various sources composing the fMRI data are automatically separated, so that sources of structured noise do not need to be explicitly specified (Thomas et al., 2002) . However, modeling assumptions are still required to identify components of interest, namely the IED-related fluctuations. Our method used flexible constraints to identify HRFs of arbitrary shapes and inter-trial amplitude fluctuations. This resulted in a non-linear model, so the shape and amplitudes were fitted separately in successive linear leastsquares iterations (Hinrichs et al., 2000) . It would be possible to perform additional iterations, but it was found that this did not result in significant changes in the parameter estimates.
HRF amplitude fluctuations
The method was able to detect significant correlations between the HRF and IED amplitudes in the presumed epileptogenic focus. While such a relationship was expected, given the coupling of the BOLD signal with neuronal activity, this demonstrates that artifact correction on the EEG recorded inside the scanner is sufficient to perform meaningful measurements of IED features. A previous study could only detect positive, but not statistically significant correlations between IED and HRF amplitudes (Benar et al., 2002) . That study defined the HRF amplitude as the energy of the detrended BOLD signal in the time period following IEDs. This calculation required the HRFs to be nonoverlapping, so only IEDs separated by at least 30 s were considered. After applying this strict constraint, only a few IEDs remained, resulting in low statistical power. In contrast, the current method used a deconvolution approach that could separate overlapping HRFs. This assumes that linear superposition applies, which was shown to be the case for events separated by at least 2 s (Friston et al., 1999) .
While the current study investigated the correlation between IED and HRF amplitudes within the brain regions represented by the ICA components, there are several factors that could confound this relationship. IED amplitudes depend not only on the number of active neurons, but also on their level of synchrony. However, a change in synchrony alone would not necessarily be associated with increased metabolic demand and thus a BOLD response. As for an increase in the number of active neurons, this may manifest itself as an increase in active cortical area (Tao et al., 2005) . However, neither the GLM, which examines individual voxels, nor ICA, which extracts fixed spatial patterns, are ideally suited for the investigation of fluctuating areas of activation.
Nevertheless, there are indications that IED amplitude fluctuations are also associated with local BOLD signal changes within the scale of one MRI voxel or one ICA component, and can thus be detected by the proposed method. In a study with simultaneous MEG and SEEG recordings, some patients showed a significant correlation between MEG spikes and intracranial spikes (Santiuste et al., 2008) ; the potentials recorded by the SEEG presumably represent the activity in a very small volume (b1 cm) around each depth electrode contact. Also, studies with simultaneous scalp EEG and ECoG recordings have shown that while large scalp IEDs are associated with large consistent areas of active cortex, small-amplitude scalp IEDs may result from small intracranial sources with variable localizations (Tao et al., 2005; Ray et al., 2007) . On average, a given MRI voxel would thus show a smaller BOLD response to small IEDs. The identification of a correlation between IED and HRF amplitudes has some important implications for the analysis of EEG-fMRI data of epileptic patients. The current study has demonstrated that the modeling of the BOLD response could be improved by integrating IED amplitude information in the GLM. Brain areas have been identified in which a regressor modeling HRF amplitude fluctuations accounted for a statistically significant amount of variance of the BOLD signal, additional to the variance already explained by a regressor modeling constant HRF amplitudes. Statistical maps based on the regressor modeling IED-related HRF amplitude fluctuations may provide a more specific identification of the epileptogenic focus. Alternatively, an F-statistic map testing the effect of the combination of the 2 regressors should show better sensitivity in detecting IED-related BOLD changes in the focus. The current study only looked at amplitude correlations, but future investigations could further characterize the relationship between HRFs and IEDs. For example, the BOLD signal may follow a complex, possibly non-linear, function of IED amplitudes or other IED features, which could then be integrated into the GLM analysis (Buchel et al., 1998) . It may also not be necessary to go back to a model-driven analysis, as the ICA method could already detect the IED-related HRF fluctuations. There were some slight differences between the GLM and ICA maps; they may be due to the distinct thresholding methods, but there is also the effect of the pre-specification of the HRF shape and amplitude in the GLM. In contrast, the ICA method allows for arbitrary HRFs. It is especially well-suited as an exploratory analysis to characterize the BOLD response from the time course of IED-related components (Rodionov et al., 2007; LeVan and Gotman, 2009) . It is only after characterizing the relationship between IEDs and HRFs that it is then possible to integrate it into the model. A possible methodology for the analysis of EEG-fMRI data could thus consist of a standard GLM analysis to provide a first estimate of the activation, after which an ICA could be used to further characterize the relationship between IEDs and HRFs. Improvements in modeling artifacts and other confounding factors may, for example, allow the identification of non-linearities that are unknown a priori and thus cannot be modeled in the GLM. New hypotheses based on the ICA results may then be integrated in the GLM framework to refine the initial activations. Part of this activation also shows a significant correlation between HRF and IED amplitudes. The GLM analysis also reveals a right temporal activation, along with small scattered distant clusters. Similar to the ICA analysis, a right temporal cluster is shown to be related to IED fluctuations. This cluster partially overlaps the original activation, and the map has fewer distant clusters than in the original analysis.
The results from this study have also shown that HRF fluctuations specifically related to IED amplitudes occur mainly in the epileptogenic focus. In general, BOLD signal changes to IEDs often involve the focus, but may also be present in distant regions (Salek-Haddadi et al., 2006; Benar et al., 2006) . Some brain regions, such as the "defaultmode" network (Raichle et al., 2001) , may show significant BOLD signal changes, even though they are only indirectly related to IEDs and are not part of the epileptogenic network (Gotman et al., 2005; Laufs et al., 2007) . Deactivations were identified in some of those regions (precuneus, posterior cingulate, bilateral inferior parietal lobes, and medial prefrontal cortex) in 4 patients in the current study (see Table 2 ).
Many studies have simplified the evaluation of widespread BOLD response clusters by considering mainly the location of the voxel with maximum t-statistic value in the GLM analysis (Salek-Haddadi et al., 2006; Tyvaert et al., 2008b) . However, such interpretation should be treated with caution, as hemodynamic coupling shows spatial variability, implying that differences in BOLD signal levels between two regions do not necessarily correspond to different levels of neuronal activity (Ances et al., 2008) . Nevertheless, in the current study, the maximum positive peak of the GLM map could identify a concordant activation cluster in 5 patients (when ignoring clearly artifactual clusters outside the brain), and the maximum negative peak could identify a concordant deactivation cluster in 1 patient. However, in the remaining 4 patients, the location of the peaks indicated misleading discordant regions. In contrast, ICA components showing a significant correlation between HRF and IED amplitudes could also be used to identify concordant clusters and reject distant responses, but with better specificity. There was only one patient for whom the ICA method only identified discordant clusters inside the brain with a significant HRF/IED amplitude correlation. In the remaining 9 patients, either the clusters with a significant HRF/IED amplitude correlation included concordant areas with fewer distant regions (5 cases), or no clusters inside the brain showed a significant HRF/IED correlation (4 cases). The method could thus detect regions that are specifically related to IEDs while discarding distant regions that are only indirectly related to the epileptic network. This resulted in a reduced proportion of discordant areas, but some distant clusters still remained.
Further studies would be necessary to investigate how clusters apparently distant from the epileptogenic focus could show consistent BOLD changes following IEDs, and whose HRF amplitudes are related to IED amplitudes. Some of the distant clusters may result from resting-state networks such as the default-mode areas, which are only indirectly related to the IEDs. Moreover, artifacts may cause spurious correlations, particularly if they involve signal transients that violate the stationarity assumptions of the statistical model. This problem may be alleviated by the use of ICA classification methods that have been developed to detect and discard artifactual components Perlbarg et al., 2007) . Further investigations may also be necessary to determine whether significant negative correlations between HRF and IED amplitudes, such as those found for patients 5 and 6, represent a true physiological phenomenon, for example related to inhibition, or whether these correlations are artifactual. In any case, while the proposed method appears to improve the specificity of EEGfMRI analyses, some discordant results were still present. Interpretation of the results should thus still be done in combination with the other available electro-clinical modalities.
Conclusion
ICA can be used as an exploratory method in EEG-fMRI data from epilepsy patients to investigate the relationship between EEG features of IEDs and the BOLD response. In particular, BOLD activations in the epileptogenic focus appear to show significant correlations between HRF and IED amplitudes, unlike distant responses. An analysis based on these correlations could increase the specificity of EEG-fMRI studies in epilepsy, and might also be integrated into the modeldriven GLM framework.
